Introduction
Tumorigenesis is widely recognized as a non cell-autonomous process depending on an intricate network of surrounding accessory supportive cells 1 . Among this neoplastic microenvironment, cancer-associated fibroblasts (CAF) are phenotypically and functionally distinct from their normal counterpart, thus providing a niche-based model of oncogenesis resulting from the dynamic co-evolution of both cancer and stromal cells 2, 3 . CAF phenotype and molecular signatures are strongly heterogeneous but are generally maintained in culture, implying stable alterations.
This heterogeneity could be associated in part to tumor type and localization but is also probably ascribed to the diverse origins of CAF, which have been reported to derive from resident local fibroblasts, from bone marrow (BM)-derived mesenchymal progenitors, or from passenger stromal cells brought with tumor cells. In particular, mesenchymal stromal cells (MSC) could be recruited within tumors where they incorporate into the stroma, become activated, and potentiate tumor growth in coinjection studies 4 .
MSC have been shown to differentiate into CAF-like cells in vitro
after exposure to cancer cell conditioned medium 5 and to stimulate tumor survival and proliferation, angiogenesis, and metastastic spread in experimental xenograft models 6, 7 . Even if few data are available on MSC derived from cancer patients, BM-MSC from patients with multiple myeloma (MM) were shown to have a distinct molecular signature and to support more efficiently the growth of malignant plasma cells than BM-MSC obtained from healthy donors (HD) 8 .
Interestingly, it was recently demonstrated that solid tumors could direct the reorganization of surrounding stroma into lymphoid-like stromal structures involving fibroblastic reticular cells (FRC)-like cells 9, 10 . Within normal lymph node (LN), FRC produce and ensheathe collagen bundles and other extracellular matrix components, building an enclosed conduit system involved in the delivery of small molecules, such as chemokines and antigens, to the T-cell zone. Moreover, FRC provide a foothold for immune cell recruitment, motility, interaction, and homeostasis 11 . We have previously demonstrated that LN contained bona fide MSC and that human BM-MSC as well as LN-MSC could be committed to FRC differentiation in response to a combination of tumor necrosis factor alpha (TNF) and lymphotoxin alpha1beta2 (LT), the two main factors involved in the differentiation and maintenance of secondary inserm-00665887, version 1 -3 Feb 2012 lymphoid organs 12 . Nevertheless, the precise relationships between MSC, FRC, and CAF remain elusive.
Follicular lymphomas (FL) are the most frequent indolent non-Hodgkin's lymphomas (NHL) and result from the transformation of germinal center (GC)-derived B cells retaining a strong dependence on their specific lymphoid microenvironment 13 . In agreement, gene expression profiling (GEP) revealed that the outcome of patients with FL is primarily predicted by specific gene signatures of non-malignant tumorinfiltrating cells 14 21 suggesting that the BM provides a preferred non-lymphoid tumor microenvironment that would be very useful to study stromal alterations.
To better understand characteristics and functions of stromal cells in FL we investigated GEP of BM-MSC from FL patients pertaining to lymphoid stroma signature and explored the functional implications of the specific FL-MSC signature.
In particular, we highlighted the role of FL-associated stromal cells in the recruitment and polarization of monocytes into TAM-like cells. Combined with our previous studies, this work draw a more complete picture of how MSC contribute to FL inserm-00665887, version 1 -3 Feb 2012 lymphomagenesis, through a dual role involving a direct B-cell supportive effect and an indirect activity on the orchestration of FL cell niche.
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Materials and Methods
Patients and cell samples
Subjects were recruited under institutional review board approval and informed consent process according to the Declaration of Helsinki. BM aspirates were obtained from FL patients at diagnosis and from HD undergoing cardiac surgery.
Clinical characteristics of the 10 FL patients used to obtain FL-MSC GEP are listed in Supplemental Table S1 . calf serum (FCS, Hyclone, Logan, UT), 100 IU/mL penicillin, 100 µg/mL streptomycin, and 1 ng/ml fibroblast growth factor 2 (FGF-2, R&D Systems, Abingdon, UK) 22 . Non adherent cells were discarded after 2 days of culture and adherent cells were replenished twice a week with fresh culture medium until confluence (P0). BM-MSC were then harvested using trypsin, and seeded at 500 cells/cm 2 until confluence (first passage, P1). The frequency of colony-forming unit-fibroblast (CFU-F) in BM-MNC was evaluated in parallel for all MSC batches. At day 10, cells were stained with MayGrunwald-Giemsa and colonies with more than 50 cells were counted. The growth kinetic was assessed by the number of population doubling (PD) calculated as:
Log(number of cells at the end of passage/number of seeded cells)/Log2, where the number of seeded cells for P0 was the number of CFU-F within BM-MNC. The complete phenotype of all HD-MSC and FL-MSC batches was performed at the end of P1 before microarray experiments (see supplemental data). In addition, BM-MSC were used at passages 2 to 3 for functional studies.
Primary malignant B cells from FL lymph nodes were purified by negative selection as described 23 . Peripheral blood monocytes were obtained by elutriation (J6 centrifuge, Beckman Coulter, Villepinte, France) followed by an additional depletion of residual T cells using anti-CD3 microbeads (Miltenyi Biotech, Bergisch Gladbach, Germany). Only cell fractions with at least 98% cell purity as evaluated by flow cytometry were used for further experiments. BL2, VAL, and RL GC-derived lymphoma B-cell lines were maintained in RPMI1640-10% FCS.
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GEP study GEP was performed on 10 BM-MSC obtained from FL patients (FL-MSC) and from 6 age-matched HD (HD-MSC) treated or not for 3 days by TNF (10ng/mL) and LT (100ng/mL, R&D Systems, Abingdon, UK) to induce their FRC-like differentiation 12 .
RNA was extracted using AllPrep ARN/ADN/protein kit (Qiagen, Valencia, CA) and RNA purity and integrity was checked using the Bioanalyzer 2100 (Agilent, Santa Clara, CA). All samples used for microarray experiments displayed a RNA integrity number (RIN) above 8.9. Biotinylated cRNA were amplified according to the small sample labelling protocol (TwoCycle amplification kit, Affymetrix, Santa Clara, CA) and hybridized on GeneChip HG-U133 Plus 2.0 oligonucleotide microarrays (Affymetrix). Data analyzes were performed using Partek Genomics Suite (Partek, St
Louis, MO) as described in Supplemental data. All microarray data are available on the Gene Expression Omnibus (GEO) under accession number GSE35331
Real-time quantitative PCR (RQ-PCR)
cDNA synthesis was performed on 1µg total RNA using the Superscript II reverse transcriptase and random hexamers (Invitrogen, Carlsbad, CA). We used then specific Taqman Gene Expression Assays (Supplemental Table S2 ) and the TaqMan Universal master mix (Applied Biosystems, Foster City, CA). GAPDH was determined as an appropriate internal standard gene. Gene expression was measured using the ABI Prism 7700 Sequence Detection System based on the ΔC T calculation method.
B-cell growth assays
After serum deprivation, BL2 (2. In addition, HD-MSC were cocultured with VAL and RL for 3 days before collection of the supernatant and cell detachment by trypsin. After depletion of residual B cells using anti-CD45 Dynabeads (Invitrogen), HD-MSC cells were seeded again in culture for 10 days at confluence. Supernatants were collected at day 3 and 10 for CCL2 quantification by ELISA.
Migration assay
Purified monocytes (10 5 The absolute number of viable monocytes was quantified in the lower chamber after 1.5 hour using FlowCount beads.
Macrophage polarization
Purified monocytes (1. 
Statistical analyses
Statistical analyses were performed with Prism software (GraphPad Software, La Jolla, CA) using the Wilcoxon or Student's t test for matched pairs or using the MannWhitney nonparametric U test as appropriate.
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Results
FL-MSC display a specific gene expression profile
BM-MSC were successfully obtained from all 6 HD and 10 FL patients and the 16 MSC batches displayed similar cell morphology and phenotype including a lack of CD45, CD14, CD34, and CD31 together with a strong expression of CD73, CD90, and CD105 ( Figure S1 and Table 1 ). Moreover, no contamination by CD19 pos B cells could be detected at the end of P1. As BM-MSC growth has been correlated with the age of donors 24 , we selected age-matched HD (Table 1) and Table S4 ). The expression level of seven genes identified by microarray strategy as highly induced by TNF/LT stimulation was validated by RQ-PCR (Figure 2b ).
Interestingly, TLR4 and CCL2 have been already pinpointed in the FL-MSC signature. Moreover, we also confirmed the upregulation of IL6, HBEGF, IL15, IL8, and CCL5 that were all involved in the recruitment and/or activation of immune cells.
We next performed a Gene Set Enrichment Analysis (GSEA) approach in order to specifically assess the over-representation of the TNF/LT signature in FL-MSC.
Interestingly, we found that FL-MSC GEP was significantly enriched in genes overexpressed in HD-MSC treated with TNF/LT (Figure 2c ). In addition, among the 105 genes that were simultaneously found within the TNF/LT and the FL-MSC signatures, 101 were coordinately upregulated or downregulated in both HD-MSC treated by TNF/LT and FL-MSC ( Figure S5 and Table S5 ). 
Monocytes are specifically recruited by FL-MSC and support FL cell growth
We decided to focus on CCL2 as the master upregulated gene in FL-MSC and a high-ranked member of the TNF/LT signature. We first demonstrated that CCL2 was 
MSC drive monocyte differentiation towards a TAM-like phenotype
BM-MSC affect the differentiation and function of dendritic cells and mature macrophages in vitro 28 . In addition, umbilical cord blood-derived MSC were recently reported to strongly reduce the T-cell stimulatory capacity of monocytes 29 . We therefore studied the phenotype of monocytes cocultured for 24h and 7 days with FL-MSC. After 24h, FL-MSC increased the expression of HLA-DR, CD86, and CD14 on monocytes and modulated their secretory profile through a strong inhibition of TNF secretion together with an increased of IL-10 release (Figure 5a ). In addition, IL10, IL6, and VEGFA, which have already been involved in the proangiogenic and protumoral activity of TAM in several tumor models, were upregulated after 7 days of coculture in cell-sorted differentiated macrophages (<0.5% MSC contamination, Figure 5b ). Interestingly, we reported for the first time the strong induction (519 fold Recently, it has been reported that human BM-MSC and adipose tissue-derived MSC strongly express Jagged-1 and that Notch signaling is involved in their T-cell suppressive activity 31, 32 . To explore the involvement of the Jagged/Notch interaction in the unresponsiveness of MSC-treated macrophages to LPS stimulation, we added DAPT, a highly selective γ-secretase inhibitor, during macrophage/MSC coculture. As shown in Figure 5d , the addition of DAPT significantly enhanced the capacity of macrophages cultured with FL-MSC to produce high amounts of TNF in response to LPS stimulation (1814 ± 1198 pg/mL with DAPT versus 530 ± 374 pg/mL with DMSO versus 442 ± 186 pg/mL with medium; n = 10). Interestingly, the production of IL-10 in response to LPS was also restored when the Notch pathway was inhibited during MSC/macrophage coculture (data not shown). HD-MSC modulated similarly the response of macrophages to LPS stimulation (data not shown).
In summary, monocytes exhibited a CD14 hi CD86 hi HLA-DR hi TNF lo IL-10 hi phenotype after a short course coculture with FL-MSC and HD-MSC and differentiated in 7 days into macrophages expressing high levels of proangiogenic factors and unresponsive to LPS stimulation. These data were strongly in favor of a TAM-like polarization.
FL B cells promote CCL2 secretion by HD-MSC
We next sought to assess whether malignant B cells could be involved in the 
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Discussion
In this study, we identify the specific gene signature of BM-derived FL-associated stromal cells. We demonstrate that this signature is related to that of lymphoid-like stromal cells, suggesting an ectopic engagement to FRC differentiation in vivo.
Interestingly the presence of lymphoid-like stromal networks has already been reported in murine models of solid cancers where they contribute to the induction of an immunotolerant microenvironment 9, 10 . These cells are supposed to be locally 40 .
However, in human macrophages, the functional outcome of TLR and Notch interactions is more complex since Notch target genes feedback and attenuate TLRinduced cytokine production 41 . In addition, human adipose tissue-derived MSC mediate a Jagged-1 related inhibition of NF-κB signaling in T cells 32 .
Besides the induction of a pro-angiogenic and anti-inflammatory profile on TdR) incorporation was evaluated at day 3. MSC cultured alone always showed a 3 HTdR incorporation ≤ 500 cpm. ** P < .01; *** P < .001 experiments. * P < .05; ** P < .01; *** P < .001; ns: not significant. crosstalk during a 4-day coculture. The absolute number of B cells was assessed using TOPRO-3 staining and calibrated beads. ** P < .01; *** P < .001. LPS was then added or not (CTRL) during 18 hours and TNF concentration was measured in cell supernatants by ELISA (n = 10). * P < .05; ** P < .01; *** P < .001; ns: not significant. 
